Introduction {#section1-1849543518803538}
============

Tendons are fibrous connective tissues in the human body that connect muscle to bone. They allow for joint movement and are primarily made up of collagen type I fiber bundles along with a small amount of other types of cells and materials.^[@bibr1-1849543518803538]^ Healthy tendon fibers are oriented in a parallel manner and are capable of transferring high tensile loads between tendon and bone.^[@bibr2-1849543518803538]^ The interface in which the tendon connects to the bone is composed of a specialized transitional tissue with varying structures and compositions.^[@bibr1-1849543518803538]^ More importantly, collagen fibers at the bone section of the interface are significantly less oriented when compared with fibers in the tendon.^[@bibr3-1849543518803538]^

Tendinopathy, also known as disease or damage to the tendon, consists of various types of injury which can be caused by many different factors, both intrinsic and extrinsic. Physical activity leading to excessive loading of tendons is the primary cause for degeneration.^[@bibr4-1849543518803538]^ Also, intrinsic factors such as alignment and biomechanical faults account for two-thirds of athletes with Achilles tendon disorders.^[@bibr4-1849543518803538]^ Injury of the tendon can be acute or chronic, and generally results in inflammation and/or degeneration, which can lead to tendon rupture. Current methods to reattach tendon to bone use sutures that result in increased stress concentrations, leading to high failure rates for surgical repairs.^[@bibr5-1849543518803538]^ Additionally, while a healthy interface is made up of a gradient of different cell types which reduce stress concentrations between the bone and tendon, healing of this interface after damage can result in scar tissue formation, rather than a proper regeneration of the original tissue.^[@bibr6-1849543518803538]^ Because of this complexity, there is a need to replace the tendon-to-bone interface.

Tissue engineering has emerged as a promising therapeutic alternative for tissue injuries and lesions.^[@bibr7-1849543518803538]^ To regenerate the native tissues, cells are harvested from their natural environment and grown in an artificial scaffold under controlled conditions. The ideal scaffold should provide not only a physical support for cell to attach and proliferate, but also microstructure cues to mimic the native extracellular matrix (ECM) to guide the cell growth and organization. This scaffold orientation not only affects the direction of cellular growth but also results in different gene expression between different scaffold microstructures.^[@bibr8-1849543518803538]^ It remains a challenge to establish an anisotropic microenvironment for a complex tissue structure with multiple cell types. To address this problem, this study focuses on the bone-to-tendon tissue regeneration using electrospun random-to-aligned nanofiber scaffold.^[@bibr1-1849543518803538]^

Electrospinning is a process that creates polymeric fibers with diameters ranging from 1 μm to 100 nm. A positive voltage is applied to a liquid solution which is then pushed through a needle. A target attached to ground or a negative voltage then attracts the solution. This target determines the orientation of the resulting fibers, with stationary flat targets gathering randomly oriented fibers and targets rotating on an axis parallel to the electrospinning creating aligned fibers.^[@bibr9-1849543518803538]^ Two stationary targets with a gap between them result in randomly oriented fibers on the targets and aligned fibers bridging between them.^[@bibr9-1849543518803538]^ This process can be used for a wide variety of tissue engineering applications, such as nanocomposite/hybrid approaches for mimicking bone tissue.^[@bibr10-1849543518803538]^

There have also been numerous different techniques attempting to improve various stages of the electrospinning process, including water-friendly core designs, nanocapsule/nanofibrous sheathes,^[@bibr10-1849543518803538]^ and melt-electrospinning techniques.^[@bibr11-1849543518803538]^ Electrospinning into a water bath with a solution of water-soluble and non-water-soluble polymers has shown to increase fiber porosity, which promotes cell attachment and growth.^[@bibr12-1849543518803538]^ Coaxial electrospinning can be utilized to fine-tune the mechanical properties of the scaffold without changing the overall fiber diameter or surface characteristics by adjusting the core fiber material and diameter.^[@bibr13-1849543518803538]^ Co-electrospinning, or electrospinning with two materials simultaneously, has been successfully shown to create two distinct uniform regions with a gradient region in between which allows for the selection of materials with similar properties to the natural muscle--tendon interface.^[@bibr14-1849543518803538]^ A similar technique was used with one material doped with nano-hydroxyapatite then submerged in simulated body fluid to selectively grow hydroxyapatite in a gradient.^[@bibr15-1849543518803538]^

To create the random-to-aligned nanofiber scaffold, we adopted a parallel-collector configuration in which two grounded metal bars were placed in parallel under the spinneret. The fibers collected on the target form two distinct regions, a randomized region on the metal bars, and an aligned region that spans between the parallel bars. Fibroblasts and osteosarcoma cells were seeded onto the aligned region and the random region, respectively. These two types of cells were cocultured in a single scaffold to mimic the cellular organization in the tendon-to-bone interface. We demonstrated that the gradients in scaffold microtopology will facilitate cell organization and promote the formation of the tendon-to-bone interface in a coculturing environment *in vitro.*

Materials and methods {#section2-1849543518803538}
=====================

Electrospinning {#section3-1849543518803538}
---------------

Electrospinning was performed with 15% and 20% w/v of polycaprolactone (PCL) in acetone and dimethylformamide (DMF) solution with a ratio 1:1, which is often used for medical applications.^[@bibr16-1849543518803538]^ The solution was put in a syringe attached to a controlled rate pump, and a positive voltage was attached to a needle at the end of the syringe. The pump rate and voltage were adjusted to ensure consistent electrospinning. Parallel aluminum bars were placed 3.5 cm apart and connected to a negative voltage source, to use as the target. This setup can be seen in [Figure 1(a)](#fig1-1849543518803538){ref-type="fig"}. Thin glass squares with side length of 2 cm were placed partially on the bar with the rest in the gap between the bars to facilitate sample preparation and prevent the material from folding on itself. The distance between the tip of the needle and top of the target was set at 15 cm and 20.5 cm, and the placement of the target was adjusted to keep the fibers centered on the target. Once everything was set up and spinning without issue, the electrospinning process was run for 5 and 10 min per sample. The electrospun material was then cut along the edge of the glass square. These samples were then used for imaging or for cellular growth. Some additional samples were spun in the same manner to start, but halfway through a cover was placed over the random section to reduce its fiber density. The fibers on the cover were then cut along the edge of the cover prior to its removal ([Figure 1(b)](#fig1-1849543518803538){ref-type="fig"}). This was done to achieve a more uniform fiber thickness between the random section and the aligned, because a large disparity in thickness would occur between these two sections if the electrospinning continued.

![Electrospinning configuration: (a) represents the general configuration of our electrospinning technique; (b) illustration of collecting the aligned-to-random nanofiber scaffold; and (c) shows the result of the electrospinning for the second sample (15% PCL, 10-min duration, 15 cm height). PCL: polycaprolactone.](10.1177_1849543518803538-fig1){#fig1-1849543518803538}

Scaffold characterization {#section4-1849543518803538}
-------------------------

The electrospun samples were gold sputtered for 45 s using the sputtering equipment. One of the samples was then carefully placed onto a carbon-taped sample holder without air getting trapped between the sample and the carbon tape. Using both light optical and electron optical modes, the samples were observed under Phenom ProX scanning electron microscope (SEM, Nanoscience Instrument, Phoenix, AZ). ProSuite, the built-in equipment software was used to capture images of random, transition, and aligned fiber regions of the sample. Magnification of 2000× was used for determining the alignment of the fiber and 10,000× was used to determine the diameter of the fiber. The saved images were then transferred to a computer to quantify the diameter distribution, fiber orientation, as well as the porosity using ImageJ (Version 1.8.0).

Cell culture {#section5-1849543518803538}
------------

Electrospun samples were sterilized by ultraviolet exposure for 30 min. Two different fluorescent cell trackers (CellTracker™, ThermoFisher Scientific, Wartham, MA), CM-DIL (C~68~H~105~Cl~2~N~3~O) and CMAC (C~10~H~8~NO~2~Cl) were used to label fibroblasts and osteosarcoma, respectively. First, stock solutions were created for each cell type using dimethylsulfoxide for the CMAC solution and phosphate-buffered saline for the CM-DIL solution. The CM-DIL solution was diluted to a 2 µM concentration and the CMAC was diluted to a 25 µM concentration. Each was incubated for 15--45 min. Frozen cells were removed from the freezer and thawed in a water bath at 37°C. They were then centrifuged at 2000 r/min for 4 min to separate the cells from the supernatant. Osteosarcoma cells were then added to the CMAC solution and incubated for 30 min at 37°C while fibroblast cells were added to the CM-DIL solution and incubated for 5 min. The CM-DIL-fibroblast solution was then chilled for 15 min at 5°C. Each solution was then centrifuged at 2000 r/min for 4 min to remove the supernatant. This resulted in dying the fibroblast cells red with an excitement wavelength of 553 nm and emission wavelength of 570 nm, and dying the osteosarcoma cells blue with an excitement wavelength of 353 nm and emission wavelength of 466 nm. To estimate the initial cell viability after the staining, 100 µL of each solution was mixed with 100 µL of Trypan Blue and examined with a hemocytometer. The cell concentration was adjusted to approximately 100,000 cells/mL. Two-hundred microliters of osteosarcomas and fibroblasts were seeded to the random region and aligned region, respectively. The scaffolds were then incubated in complete growth medium (Eagle's minimal essential medium with 10% fetal bovine serum) at 37°C and monitored periodically for cellular growth.

Results {#section6-1849543518803538}
=======

Scaffolds characterization {#section7-1849543518803538}
--------------------------

The SEM images of representative electrospun samples were shown in [Figure 2](#fig2-1849543518803538){ref-type="fig"}. The anisotropic scaffolds are comprised of three regions: aligned fibers, random fibers, and the interface. The three regions are morphologically distinct but structurally continuous, and thus closely mimic the variation in collagen fiber orientation at the tendon/ligament-to-bone insertion site. The distribution of fiber orientation from a representative sample (15% PCL, 10-min duration, 20.5 cm height) was shown in [Figure 3(a)](#fig3-1849543518803538){ref-type="fig"}. The standard deviation of the orientation was considered when determining the overall alignment of each region. A summary of fiber alignment at the aligned sections for all eight groups was shown in [Figure 3(b)](#fig3-1849543518803538){ref-type="fig"}, where small degrees of orientation indicate a higher alignment (a perfect orientation, i.e. if all fibers are strictly aligned, will have a standard deviation of 1°). No statistical significance was found among the groups. Changing the process parameters did not influence the nanofiber alignment at the aligned region of the scaffold.

![Electrospun sample pictures taken by the SEM. For each sample, a picture in the aligned, transition, and random regions was taken with a magnification of ×2000 (scale bar = 30 µm). From the first row, each of the following samples was selected to have a direct comparison between each parameter (time, PCL concentration, distance). PCL: polycaprolactone. SEM: scanning electron microscopy.](10.1177_1849543518803538-fig2){#fig2-1849543518803538}

![Results from the orientation analysis: (a) a sample fiber alignment plot (15% PCL, 10-min duration, 20.5 cm height) and (b) fiber alignment summary for the aligned regions of the scaffolds. PCL: polycaprolactone.](10.1177_1849543518803538-fig3){#fig3-1849543518803538}

The analysis consists of segmenting the picture to obtain a black-and-white image, as shown in [Figure 4(c) and (d)](#fig4-1849543518803538){ref-type="fig"}. Segmentation takes the grayscale images obtained from the SEM, as seen in [Figure 4(c)](#fig4-1849543518803538){ref-type="fig"}, and sets anything above a certain threshold of brightness to white, and everything else to black, as seen in [Figure 4(d)](#fig4-1849543518803538){ref-type="fig"}, which gives the images cutoffs for the software to calculate from. After that, the plug-in analyzed the picture and gave percent porosity and diameter of the fibers with the average and standard deviation. The PCL percentage was positively correlated to the nanofiber diameter mean as well as the standard deviation. Fifteen percent PCL solution resulted in smaller nanofibers with a higher consistency, while 20% PCL solution resulted in a wider distribution in fiber diameter. However, there was no substantial difference with regard to the overall porosity of the nanofiber scaffolds. Highly porous scaffolds were obtained in all eight groups.

![Results from the diameter and porosity analysis: (a) shows the diameter measured of each sample for the aligned and random region; (b) shows the porosity of each sample, calculated as the number of black pixels over the total number of pixels in the image; and (c) and (d) are images from the random region of the second sample (15% PCL, 10-min duration, 15 cm height) before and after the segmentation, respectively. Scale bar = 8 µm. PCL: polycaprolactone.](10.1177_1849543518803538-fig4){#fig4-1849543518803538}

Cellular growth {#section8-1849543518803538}
---------------

After 1 day of cellular growth, both cell types have adhered to the scaffolding for their respective regions. Red-dyed fibroblast cells had aligned with the aligned fibers, as seen in [Figure 5](#fig5-1849543518803538){ref-type="fig"}. Blue-dyed osteosarcoma cells on the random region did not have any clear orientation. After 4 days, there is a noticeable increase in cell density for both regions. The fibroblasts in the aligned region have continued to grow aligned with the fibers of the scaffold. As expected, the osteosarcoma cells did not display any orientation on the random region.

![(a) Day 1 results for aligned region; (b) day 1 results for random region; (c) day 4 results for aligned region; and (d) day 4 results for random region. Fibroblast cells were dyed red and osteosarcoma cells were dyed blue.](10.1177_1849543518803538-fig5){#fig5-1849543518803538}

The transition region, seen in [Figure 6](#fig6-1849543518803538){ref-type="fig"}, had a mix of both fibroblast and osteosarcoma cells. Since this region was not directly seeded with cells, this indicates cellular migration to the transition region. There did not appear to be fibroblast migration to the random region or osteosarcoma migration to the aligned region by day 4. There cells also did not appear to display any pattern of alignment along the transition region.

![Example of scaffold transition region 4 days after cellular seeding.](10.1177_1849543518803538-fig6){#fig6-1849543518803538}

Discussion {#section9-1849543518803538}
==========

The electrospinning process used produces a relatively thin mat, which is usable for experimentation but is not representative of the full three-dimensional (3D) structure of a natural tendon and tendon-to-bone interface. Stacking multiple spun mats on top of each other creates a structure more akin to natural tissue.^[@bibr17-1849543518803538]^ Cellular seeding can be done on a layer by layer basis as well, giving better control over the cell growth.^[@bibr17-1849543518803538]^ Xie et al. first introduced an electrospinning configuration to fabricate an "aligned-to-random" fibrous scaffold by adopting a collector composed of two stapler-shaped metal frames.^[@bibr1-1849543518803538]^ Fibroblasts cultured on this scaffold exhibited a morphology gradient induced by the fiber organization. Li et al. designed a continuously graded, bone-like calcium phosphate coating on a nonwoven mat of electrospun fibers.^[@bibr18-1849543518803538]^ The gradient in mineral content resulted in a gradient in the stiffness of the scaffold and further influenced the activity of mouse pre-osteoblast MC3T3 cells. Rothrauff et al. compared two designs, stacked or braided, of multilayered scaffolds of aligned electrospun fibers.^[@bibr19-1849543518803538]^ Human bone marrow-derived mesenchymal stem cells were seeded on both types of scaffolds. It was found that braided scaffolds exhibited improved tensile and suture retention strengths, but cell infiltration was superior in stacked constructs, resulting in enhanced cell number, total collagen content, and total sulfated glycosaminoglycan content.

In our study, we integrated the ECM microstructure gradient and cellular heterogeneity for enthesis regeneration. Natural entheses exhibit gradients in tissue organization, composition, and mechanical properties that serve to effectively transfer stress between mechanically dissimilar materials and sustain the heterotypic cellular communications required for interface function and homeostasis.^[@bibr20-1849543518803538]^ The aligned and parallel collagen fibers at the tendon/ligament start bending and intercrossing along the insertion, change their orientation, and become more disorganized closer to the bone.^[@bibr6-1849543518803538]^ Through the parallel electrospinning technique, we fabricated biomimic nanofiber scaffolds for the enthesis. The aligned region, random region, and interface region were morphologically distinct but structurally continuous, which closely mimicked the variation in collagen fiber orientation at the tendon/ligament-to-bone insertion site. The pore size and porosity of the scaffold were determined by the microfiber diameter and density.

While PCL was chosen as the single material in the experiment, multiple materials with different mechanical properties, more similar to the tissue in the interface, could be used for scaffold creation.^[@bibr14-1849543518803538]^ The scaffold surface could be modified in its entirety or selectively after spinning to increase cell adhesion and growth.^[@bibr6-1849543518803538]^ Co-electrospinning, or the spinning of multiple materials at once, can be done using multiple needles or using a single coaxial needle to create fibers with one material coated by another.^[@bibr9-1849543518803538]^ It is possible to incorporate nanoparticles into the electrospun solution, and subsequently grow material off those nanoparticles to better recreate bone.^[@bibr21-1849543518803538]^ The combination of some of these techniques with a multi-region scaffold as created in this experiment could greatly improve the mechanical and biological characteristics of the electrospun scaffold in future experimentation.

Overall, the alignment of our samples in the aligned regions was in agreement with other studies, where it is estimated that an azimuthal orientation of 20° is very high for this PCL percentage.^[@bibr22-1849543518803538]^ We observed that the fiber alignment for the aligned section was better in the 10-min samples than the 5-min samples. This may have occurred due to fiber deposition between the parallel bars being inconsistent in the alignment during the first few minutes of electrospinning, and the 5-min samples were not thick enough to fully cover these initial fiber layers. Twenty percent PCL solution had better alignment than 15%, however, further analysis is needed to confirm this. The sample which showed the best alignment was produced with 20% PCL solution at a height of 15 cm for 10 min.

Average fiber diameter and sample porosity analysis results are presented in [Figure 3](#fig3-1849543518803538){ref-type="fig"}. For each set of parameters, the diameter did not significantly change between the random and aligned regions. These results are in accordance with what can been seen in terms of diameters^[@bibr23-1849543518803538][@bibr24-1849543518803538]--[@bibr25-1849543518803538]^ and porosity.^[@bibr26-1849543518803538]^ With DMF as solvent, similar fiber diameters were observed (between 300 nm and 2 µm). The PCL concentration played an influential role when determining the average fiber diameter. Fifteen percent PCL sample diameters were around 0.39 µm whereas 0.8 µm mean value was observed for 20% PCL samples, which complies with other studies.^[@bibr27-1849543518803538]^ However, the normal variation between mean diameters should have been around 60%. While 15% PCL samples agree with this data, large variations were observed in 20% PCL samples (around 70% to 90%). The higher viscosity of the 20% PCL solution, coupled with the voltage being similar for all samples, may explain the variations for the 20% PCL samples, particularly for the 20.5 cm sample. While the voltage may have been enough to keep the diameter consistent for the lower viscosity 15% PCL solution, the electric field generated during electrospinning may not have had the strength to spin the 20% PCL solution to the same diameter, and the weaker field resulting from the larger distance may have exacerbated the problem. Further testing with greater variations in voltages may be necessary to test for this. The inconsistency between each electrospun sample might have also played a role in these abnormal variations. A change in the solvent might be needed to better control the fiber diameter.^[@bibr23-1849543518803538]^ Since fiber diameter has been shown to affect fibroblast cells, precise control over fiber diameter would improve cell growth characteristics.^[@bibr28-1849543518803538]^

Fiber porosity remained consistent between samples at approximately 50%. There were slight increases in porosity in the aligned section when compared to the corresponding random section, but not substantial. The material was then porous enough to accept cells and allow for proliferation.^[@bibr29-1849543518803538]^ After examining the cell culture results, there are a few noticeable outcomes worth mentioning. The increase in cell density along with the configuration of the fibroblast cells along the aligned region ([Figure 3](#fig3-1849543518803538){ref-type="fig"}) shows promising biocompatibility for the electrospun scaffold. Similarly, the scaffold shows cell migration across both regions into the transition region ([Figure 4](#fig4-1849543518803538){ref-type="fig"}). Previous studies using fibroblasts on electrospun scaffolds have shown similar results with cell proliferation and alignment along the aligned region of the scaffold, as well as cell migration abilities.^[@bibr30-1849543518803538]^ The effect of electrospun PCL scaffold alignment on Schwann cell maturation was also reported, and results showed that cells cultured on the aligned region aligned and elongated along the fiber axes, which they attribute to a phenomenon known as contact guidance.^[@bibr31-1849543518803538]^ This form of cellular alignment is also commonly seen among other studies using human fibroblasts and Schwann cells.^[@bibr32-1849543518803538],[@bibr33-1849543518803538]^ Additionally, a recent study was conducted in which natural polymers were used to create nanoparticles for electrospinning, which was found to create scaffolds with improved cell viability and attachment.^[@bibr34-1849543518803538]^ Additional experimentation may be required to compare other solutions to PCL to potentially improve cell interaction. If a clinically usable product is to mimic the cell characteristics of the bone--tendon interface, it must have high levels of biocompatibility along with cell migration capabilities, which our scaffold appears to demonstrate.

To help determine if the observed cellular activity represents an effective interaction between the cells and their environment, previous studies have often focused on a few key factors. First, the biological functionality of the cells can be generally determined based on whether they are able to maintain normal phenotypic shape within the scaffold.^[@bibr35-1849543518803538]^ Second, cell adherence to the scaffold along with proliferation within the nanofibrous network suggests cell approval of the structure.^[@bibr35-1849543518803538]^ Finally, researchers often examine the cross-sectional cellular activity to determine if the cells integrate with multiple layers of the scaffold to form a 3-D network.^[@bibr35-1849543518803538],[@bibr36-1849543518803538]^ In this study, microtopographical cues, coupled with the intercellular interactions promoted the enthesis formation. While our cell culture analysis demonstrates the first two factors, a follow-up study could be conducted to examine the 3-D capabilities of osteoblasts, fibroblasts, and chondrocytes on a single gradient scaffold.

It is reported that in the United States, about 250,000 anterior cruciate ligament injuries occur annually,^[@bibr37-1849543518803538]^ and between 200,000 and 300,000 rotator cuffs are surgically repaired each year.^[@bibr38-1849543518803538]^ This study provides a multicellular strategy to engineer tendon/ligament-to-bone interface (enthesis). It will not only promote future development of regenerative medicine enabling functional and integrative recovery of tendon/ligament-to-bone injuries, but may also inspire new strategies toward organ-on-chip for heterogeneous tissues. Future work includes incorporating nanoparticles and growth factors to create a multifunctional microenvironment for improvement of cellular growth as well as mechanical properties of the engineered tissues.

Conclusion {#section10-1849543518803538}
==========

This article presents a novel technique for tendon--bone tissue regeneration. We adopted a parallel electrospinning method to fabricate the random-to-aligned nanofiber scaffolds. Fibroblasts and osteosarcoma cells were seeded on designated areas and cocultured in the scaffold. The microtopology, specifically the nanofiber alignment, guided the cell organization. The cocultured construct mimicked the tendon--bone interface microstructure. This article provides an effective biomimetic model for tendon/ligament regeneration, and can be further developed as an organ-on-chip or a therapeutic alternative for heterogeneous tissues.
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